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Cork structural characteristics and their influence on the oxygen ingress through wine stoppers 
were studied aiming to contribute to an increased added-value of the natural cork stoppers. 
The surface porosity features of cork stoppers can differentiate the three main commercial 
classes used nowadays: the porosity coefficient was 2.4%, 4.0% and 5.5% for premium, good 
and standard stoppers, respectively.  Image analysis also distinguished defects in the cork 
structure: empty ant gallery; Coroebus undatus F. larvae gallery; and wetcork. Several 
predictive classification models of stoppers into quality classes were built using the results 
from cork stoppers surface characterization and a simplified model using the main 
discriminant features i.e. porosity coefficient and the RGB colour-type variables was 
presented.  
X-ray tomography was used as a non-destructive technique to study the internal structure of 
natural cork stoppers, allowing the visualization of some defects inside the cork stopper. After 
characterization, the natural cork stoppers were used as closure of bottles and oxygen 
diffusion measurements were made along time. The kinetics of oxygen transfer was similar 
and could be adjusted to logarithmic models. On average 35% of the overall oxygen ingress 
occurred in the first 5 days, 59% in the 1st month and 78% in the first 3 months.  
Microtomography images (voxel size of 50 µm) allowed the observation of lenticular channels 
development and geometry, and the quantification of void and high density regions (HDR) 
fractions. The evidence that the void fraction of lenticular channels in the innermost part of 
the cork stopper inserted in the bottle was strongly related to the oxygen ingress in the first 
month after bottling can be used for quality enhancement of natural cork stoppers with 
incorporation of performance requirements. 
 
Keywords: natural cork stoppers, lenticular channels, image analysis, X-ray tomography, 




No presente trabalho foram estudadas as características estruturais da cortiça e a sua 
influência sobre a transmissão de oxigénio das rolhas de cortiça natural para o vinho com o 
objectivo de contribuir para um maior valor acrescentado das rolhas de cortiça natural. 
As características de porosidade da superfície da rolha de cortiça podem diferenciar as três 
principais classes comerciais utilizadas actualmente. Através da análise de imagem consegue-
se também, caso sejam visíveis à superfície, distinguir defeitos que podem ocorrer na 
estrutura da cortiça e que são importantes para o seu desempenho, nomeadamente, galerias 
de formiga, galeria de larvas de Coroebus undatus F. ou cortiça verde.  
Foram desenvolvidos vários modelos preditivos para classificação das rolhas em classes de 
qualidade e é apresentado um modelo simplificado com as principais características 
discriminantes, isto é, o coeficiente de porosidade e as variáveis  RGB relacionadas com a cor. 
Neste trabalho utilizou-se tomografia de raio-X como técnica não-destrutiva útil para adquirir 
conhecimento sobre a estrutura interna de rolhas de cortiça natural. Esta técnica permitiu a 
visualização e identificação de alguns defeitos no interior da rolha de cortiça.  
A medição da transmissão de oxigénio das rolhas de cortiça natural foi realizada utilizando o 
método colorimétrico optimizado e calibrado em estudos preliminares. A cinética da 
transmissão de oxigénio foi semelhante em todos os casos e pode ser expressa através de 
modelos logarítmicos. Em média, 35% da entrada de oxigénio total ocorre nos primeiros 5 
dias, 59% no primeiro mês e 78% nos primeiros 3 meses. 
Microtomografia foi aplicada a uma pequena amostra de rolhas de cortiça natural, 
conseguindo-se uma resolução de 50 µm o que permitiu a observação do desenvolvimento e 
geometria dos canais lenticulares assim como a quantificação de regiões de vazio (baixa 
densidade) e elevada densidade. 
Os resultados sugerem que a variação de entrada de oxigénio é principalmente uma 
consequência das diferentes características de dimensões celulares e volume de ar existente 
dentro da estrutura da rolha, nomeadamente, a fracção de vazios dos canais lenticulares.  
Palavras-chave: rolhas naturais de cortiça, canais lenticulares, análise de imagem, tomografia 
de raios-X, taxa de transmissão de oxigénio  
 
RESUMO ALARGADO 
No presente trabalho foram estudadas as características estruturais da cortiça (na superfície e 
no interior) e a sua influência sobre a transmissão de oxigénio das rolhas de cortiça natural 
para o vinho com o objectivo de contribuir para um maior valor acrescentado das rolhas de 
cortiça natural. 
Dado que actualmente a avaliação da qualidade das rolhas de cortiça natural é feita por 
análise visual da sua superfície exterior, esta foi a primeira tarefa deste trabalho. Verificou-se 
que as características de porosidade da superfície da rolha de cortiça podem diferenciar as três 
principais classes comerciais utilizadas actualmente. O coeficiente de porosidade foi de 2,4%, 
4,0% e 5,5% para as rolhas classificadas como premium, good e standard, respectivamente. 
Através da análise de imagem consegue-se também, caso sejam visíveis à superfície, distinguir 
defeitos que podem ocorrer na estrutura da cortiça e que são importantes para o seu 
desempenho, nomeadamente, galerias de formiga, galeria de larvas de Coroebus undatus F. ou 
cortiça verde.  
O estudo detalhado da porosidade da superfície das rolhas permitiu também a percepção de 
aspectos relacionados com a formação da cortiça. A comparação da porosidade entre os dois 
topos confirmou a existência de variação axial na árvore e.g. um topo pode ter porosidade 
significativamente mais baixa do que o outro. Isto pode ser utilizado na prática na produção de 
rolhas, como as concebidas para engarrafamento de vinhos e bebidas espirituosas. 
Utilizando os resultados obtidos na caracterização da superfície das rolhas, foram 
desenvolvidos vários modelos preditivos para classificação das rolhas em classes de qualidade. 
É apresentado um modelo simplificado com as principais características discriminantes, isto é, 
o coeficiente de porosidade e as variáveis  RGB relacionadas com a cor. 
No entanto, os estudos existentes revelaram que as diferentes classes de qualidade 
apresentam uma heterogeneidade considerável no que respeita à taxa de transmissão de 
oxigénio, uma propriedade importante das rolhas de cortiça, definidora da capacidade da 
rolha como vedante. A transmissão de oxigénio das rolhas de cortiça natural é independente 
dos parâmetros clássicos de valorização comercial: classe visual de qualidade, diâmetro, 
comprimento e massa volúmica, mostrando a necessidade de identificar parâmetros críticos 
internos que podem ser responsáveis por classes de qualidade não homogéneas.  
 
Neste trabalho utilizou-se tomografia de raio-X como técnica não-destrutiva útil para adquirir 
conhecimento sobre a estrutura interna de rolhas de cortiça natural. Esta técnica permitiu a 
visualização e identificação de alguns defeitos no interior da rolha de cortiça.  
Após aquisição das imagens de raio X, as rolhas de cortiça natural foram utilizadas para fechar 
garrafas onde se realizaram as medições de transmissão de oxigénio ao longo do tempo. A 
medição da transmissão de oxigénio das rolhas de cortiça natural foi realizada utilizando o 
método colorimétrico optimizado e calibrado em estudos preliminares. A cinética da 
transmissão de oxigénio foi semelhante em todos os casos, isto é, incluindo rolhas das três 
classes de qualidade e com defeitos, e pode ser expressa através de modelos logarítmicos. 
Existe uma entrada rápida de oxigénio nos primeiros dias após engarrafamento, com uma taxa 
inicial elevada, seguida por uma diminuição das taxas de transmissão após o primeiro mês e 
daí em diante, até ocorrer uma estabilização a taxa baixa e constante após o terceiro mês e 
depois disso. Em média, 35% da entrada de oxigénio ocorre nos primeiros cinco dias, 59% no 
primeiro mês e 78% nos primeiros três meses. Os resultados mostram que rolhas de cortiça 
natural brocadas de pranchas de cortiça com 27-32 mm e 45-54 mm transmitem, em média, 
1,88 mg e 2,35 mg de oxigénio, respectivamente, o que representa 36-38% e 47- 50% do total 
do oxigénio presente teoricamente na estrutura celular da cortiça. 
Os resultados encontrados corroboram a hipótese de que a elevada taxa de transmissão de 
oxigénio observada durante o primeiro mês após o engarrafamento é devida ao ar existente na 
estrutura da cortiça que é forçado a sair quando as rolhas são comprimidas no gargalo. Mais, 
os resultados sugerem que a variação de entrada de oxigénio é principalmente uma 
consequência das diferentes características de dimensões celulares e volume de ar existente 
dentro da estrutura da rolha. 
Considerando que não foi encontrada correlação entre as características de porosidade da 
superfície das rolhas e a taxa de transmissão de oxigénio, e que os resultados enfatizaram a 
necessidade de quantificação das características de porosidade interna, efectuou-se a 
aquisição de imagens de raios-X com maior resolução. A resolução da imagem alcançada 
(tamanho do voxel de 50 µm) permitiu a observação do desenvolvimento e geometria dos 
canais lenticulares assim como permitiu a quantificação de regiões de vazio (baixa densidade) 
e elevada densidade. A fracção de vazio variou entre 0,7% a 2,3%, enquanto o volume vazio 
máximo de uma única estrutura variou entre 7,9 a 104,9 mm3. 
A evidência de que os canais lenticulares, nomeadamente, a sua fracção de vazio, se encontra 
fortemente relacionado com a entrada de oxigénio no primeiro mês após o engarrafamento 
 
pode ser usada para a valorização das rolhas de cortiça natural com incorporação na definição 
de classes de qualidade de requisitos de desempenho. 
 
Palavras-chave: rolhas de cortiça natural, canais lenticulares, análise de imagem, tomografia 
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In Portugal, beyond the great relevance of forest and forest industry, one species – the cork 
oak, Quercus suber - and one product – cork – outstand with a determining role in the 
country’s economy, namely regarding external trade (Pereira 2007). 
The cork oak forests have a substantial ecological role i.e. against desertification and in 
maintaining animal and plant biodiversity in their restricted area of occurrence in several 
western Mediterranean countries, covering a total worldwide area of more than 2.1 million 
hectares. Portugal has 34 % of the world’s area, which corresponds to about 736 thousand 
hectares and 23 % of the national forest (APCOR 2015). Cork is obtained from the bark of the 
cork oak and exploited during the tree’s lifetime. It is one of the world’s important non-timber 
forest products, with the cork industry directed towards global markets.  
World cork production reached 201 thousand tonnes, with Portugal as the leader, with 49.6 % 
of the production. According to the foreign trade data from the National Statistics Institute 
(INE), Portugal exported 846 million euros (182 thousand tonnes of cork) in 2014. Cork 
stoppers lead the Portuguese cork exports, accounting for about 70 % of their total value 
(592.6 million euros), followed by cork building materials with 26 %. Within the cork stopper 
segment, natural corks come first with 62 % of the total value (367.2 million euros), followed 
by champagne stoppers with 20 % (117.1 million euros) and the other types of stoppers 
representing 18 % (APCOR 2015). 
Cork is world known as the material used for sealing wine bottles. Cork is a cellular material 
with a set of specific physical and mechanical properties that provide an outstanding material 
when in-bottle wine aging is wanted, by combining the required minute oxygen transfer with 
mechanical sealing of the bottle, durability and chemical stability (Lopes et al. 2005, Pereira 
2007). Cork is the closure material preferred by wine consumers, as shown by recent surveys 
(Bleibaum 2013, OpinionWay 2014, AstraRicerche 2014, CTR Market Research 2014, Iniciativa 
CORK 2012, Barber et al. 2008). However, the natural variability of cork brings some 
performance heterogeneity that producers and consumers would like to circumvent. 
One of the most important and conspicuous characteristics of cork is the natural presence of 
lenticular channels crossing the cork from the outside to the inner tissue of the phellogen and 
containing a non-suberified filling material with darker color (Pereira 2007, Anjos et al. 2008).  
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Nowadays, the natural cork stoppers are graded into quality classes in function of the apparent 
homogeneity of their external surface which is mostly based on the extent of the visible 
lenticular porosity or of defects, as seen by human or machine vision (Costa and Pereira 2005, 
2007, Pereira 2007). This appreciation is visual and not related with the specific physical and 
mechanical properties that provide cork with its outstanding sealing performance, and a great 
range of porosity can be found in each commercial quality class of natural stoppers.  
Moreover, the different quality classes present a considerable heterogeneity in oxygen 
transmission rate, one important property of cork stoppers, defining its ability as sealant. 
Recent studies have shown that the oxygen transmission rate of natural corks stoppers is 
independent of the classic parameters of valorisation, visual quality grades, diameter, length 
and density (Lopes et al. 2006). The cork stoppers are essentially impermeable to atmospheric 
oxygen, but transmit oxygen from its own cellular structure to the wine (Lopes et al. 2007). 
These results emphasize the need to identify internal critical parameters that may be 
responsible for the heterogeneity within quality classes and to elucidate the internal porosity 
spatial distribution.  
It was in this context that the research project INCORK (FCOMP-01-0124-FEDER-005421) was 
developed with the participation of Amorim & Irmãos, Centro de Estudos Florestais, and New 
Jersey Institute of Technology. INCORK aimed at the development of a new integrated system 
for non-destructive evaluation of the internal structure and the outer surface of cork stoppers 
that would allow optimizing their quality grading and oxygen transmission.  
It was in the framework of INCORK that the present work was carried out. The study 
encompasses a detailed characterization of the surface of natural cork stoppers using image 
analysis, the use of X-ray tomography as non-destructive technique for material internal 




2. OBJECTIVES AND OVERVIEW 
The research carried out in this work aimed to contribute to the natural cork stoppers 
valorisation by modelling their oxygen transmission performance using modern techniques for 
non-destructive analysis. This knowledge will allow achieving higher levels of quality and 
consistency in performance by developing an integrative quality classification based on visual 
quality and sealing performance.  
The specific objectives were: 
i. To determine the internal structure of the natural cork stoppers, namely through the 
identification and dimension of heterogeneity zones (porosity and inclusions, for 
example); 
ii. To understand how internal structural features, namely porosity distribution and 
critical defects, may be related to oxygen transfer properties; 
iii. To understand if the internal structural features can be inferred by natural cork 
stoppers surface features; 
iv. To develop three-dimensional modelling of the natural cork stoppers internal structure 
needed to achieve higher levels of quality and consistency in performance. 
 
The operational objectives were: 
i. Characterization of the natural cork stoppers by non-destructive methods: 
a. Natural cork stoppers surface by image analysis; and 
b. Natural cork stoppers internal structure by X-ray tomography; 
ii. Determination of the oxygen transmission rate after bottling; 
iii. Statistical analysis of correlation between the internal structure of natural cork 
stoppers and the features of its outer surface with the oxygen transmission results into 
the wine after bottling. 
 
This thesis is structured in chapters, with the results presented as internationally refereed 
papers published in scientific journals of the specific areas. 
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The present chapter intends to be a brief introduction of the thesis with description of the 
main objectives and list of publications. 
The second chapter presents the state of the art related to the subjects dealt with in this work. 
It gives a general description of the cork oak tree and the sustainable management practice for 
cork production, and reviews the formation and structure of cork. Because the work focused 
on natural cork stoppers, cork processing and industry is presented with emphasis on natural 
cork stopper production and quality (visual and oxygen permeability). Finally, the use of X-ray 
tomography is reviewed as a non-destructive technique for the analysis of materials. 
The third chapter presents the original research starting with an outline, followed by 
the material and methods used in this work, and the results that encompass a total of 
five articles published in international journals with referee. In sequence an integrative 
discussion of all the results is presented, and at last the conclusions are highlighted with the 
perspective of future works.   
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1. THE SUSTAINABLE MANAGEMENT OF CORK PRODUCTION 
Cork is a product obtained from the cork oak (Quercus suber L.), a species spreading around 
the western Mediterranean basin, and of crucial importance to the economy and ecology of 
several Mediterranean countries, covering a worldwide area of 2 139 942 hectares of which 
Portugal has 736 thousand hectares (34% of the world’s area and 23% of the national forest). 
The world cork production totals more than 201 thousand tonnes, with Portugal being 
responsible for around 49.6% and 100 thousand tonnes (APCOR 2015). 
Internationally, cork oak forests are acknowledge for cork production but also for their role in 
environmental protection against soil erosion and desertification, their specificity and value as 
a particular landscape, their biodiversity preservation, aesthetic and identity values, 
attractiveness for recreation and environmental balance (Costa et al. 2009; Surová and Pinto-
Correia 2008; Pinto-Correia et al. 2011; Surová et al. 2011).  
Cork oak forests are often a part of a multifunctional agro-forestry-pastoral system called 
«montado» that is considered a High Nature Value Farming System, according to the European 
classification proposed by the European Environmental Agency (Pinto-Correia et al. 2011). 
These ecosystems are also recognized as habitats of conservation value listed in the Habitats 
Directive (Catry et al. 2012). 
In this non wood forest production system, cork harvesting is still the major economic activity, 
and cork the most valuable product. The entire cork chain from the forest to the consumer 
relies on the regular and sustainable production of cork. To maintain cork production capacity 
and provide the mentioned environmental services, it is necessary that cork oak forests are 
adequately managed, being the sustainability a matter of general concern (Pereira 2007).  
The exploitation of the cork oak as a cork producer needs its periodical removal from the stem 
and branches in a degree that is considered well-suited with the maintenance of the tree in 
good physiological conditions (Pereira 2007). Cork production yields depend not only on the 
tree growth and cork growth, as well as on management variables such as intensity of cork 
extraction and the interval between strippings that are regulated with strict rules by the 
Portuguese legislation (Decreto-Lei n.º 155/2004). 
The production of cork relies on a specific forest management and silvicultural model, often 
called subericulture that is based on the biological characteristics of the cork-oak bark 
development (Pereira and Tomé 2004). The extraction of cork, or cork stripping, is done 
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manually by cutting large rectangular planks and pulling them out of the tree when the cork 
oak is physiologically active in late spring and early summer. By law, young trees can only be 
stripped when they reach at least 70 cm of perimeter at 1.3 m of height, corresponding to 
about 25 years of age. Moreover, cork cannot be stripped above a stem height equal to twice 
the perimeter of the stem in the first stripping, or not more than three times, for a mature tree 
in full production, the so called stripping coefficient.The trees are then debarked every 9 years 
(the legal minimum allowed in Portugal and Spain) or more, called the production cycle. The 
decision of longer production cycles is often related to an adjustment to cork growth and 
productivity in order to achieve a minimum cork plank thickness. 
This means that in cork management planning cork growth is the main criteria to consider 
since it determines the thickness of the cork plank that is available for industrial processing, 
which is primarily oriented towards the production of wine stoppers (requiring a minimum 
thickness of 27 mm after the cork boiling operation).  
The annual cork growth during a production cycle varies with the number of years (growth is 
usually higher in the first years of the cycle) and is influenced by environmental and tree 
conditions (Costa et al. 2002, Ferreira et al. 2000). Pereira (2007) refers that, in a study 
considering 30 locations in Portugal, the annual cork growth was on average 3.5 mm, ranging 
from 2.1 and 4.6 mm. In a recent study encompassing a large time span (24 years) and 
sampling (1584 cork samples), it was found an average annual cork-ring width ranging from 1.2 
to 7.3 mm with an average value of 3.3 mm (Oliveira et al. 2016). Both studies reveal 
differences between sites that could be explained by climatic factors, especially due to water 
availability (Caritat et al. 2000; Costa et al. 2002; Oliveira et al. 2016).   
Cork oaks show high resiliency to inter-annual precipitation variability, with rapid and 
complete recovery from extreme dry years or from rainfall exclusion, but have a high 
sensitivity to the amount and timing of late spring precipitation (Besson et al. 2014). In 
Mediterranean conditions access to water resources and the relationship to soil-site conditions 
are key factors for cork oak development (Costa et al. 2009). Soils with low depth and high 
compactness have a negative influence on the development of the cork oak deep root system, 
thereby diminishing the access to direct ground water resources, namely during summer 
drought (Costa et al. 2008; David et al. 2007, 2013). 
Taking into consideration that future climate scenarios predict a reduction of spring 
precipitation and greater severity of droughts in the Iberian Peninsula (Miranda et al. 2006, 
Gea-Izquierdo et al. 2013, Granda et al. 2013), a cork growth decrease is expected, with 
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narrower annual rings and a consequent decrease of cork thickness. This will have implications 
regarding the raw-material adequacy to the cork industry, and the need for a potential 
adjustment of the silvicultural cork management.  
A recent study demonstrated that in the cork stoppers supply chain it is the forest 
management stage that has the largest contribution to the environmental impact in the 
majority of the impact categories, namely due to the pruning and spontaneous vegetation 
cleaning operations (Demertzi et al. 2016). Moreover, several factors such as pests and 
diseases or over-harvesting are endangering cork oak forests, by affecting tree health and 
increasing vulnerability to wildfires that are exacerbated by climate changes (Catry et al. 2012). 
In a climate change environment, adaptive management concepts are needed so as to 







2. THE FORMATION AND STRUCTURE OF CORK 
2.1. The cork formation 
Cork is a protective tissue located in the outer bark of the cork oaks where it is part of the 
periderm. The formation of cork in the periderm is the result of the activity of a secondary 
meristem, the phellogen: each phellogen mother-cell originates by cellular division cork cells 
that grow unidirectionally outwards in the tree’s radial direction and phelloderm cells to the 
inside (Graça and Pereira 2004). In the cork oak, the first phellogen maintains its activity year 
after year, producing successive layers of cork. The phellogen may be functional for many 
years, probably during the tree’s life, although the intensity of its activity decreases with age 
(Pereira 2007).  
If the cork layer of the initial periderm (virgin cork) formed in the young cork oaks is removed 
(an operation called cork stripping), a new phellogen is formed inside the phloem and rebuilds 
a traumatic periderm and its subsequent cork layer (second cork). At this time of life in young 
cork oaks, the radial growth of the stem is still important and the second cork external regions 
are subject to a large tangential stress that may result into deep fractures of the cork (Fortes 
and Rosa 1992). 
If the second cork is removed, the process is repeated with the formation of a new phellogen 
and the production of a new cork layer (reproduction cork). Upon removal of this reproduction 
cork, the process is repeated, therefore allowing an exploitation during the tree’s lifetime by 
successive removals of the reproduction cork. The second and reproduction corks are covered 
at the outside by a lignocellulosic layer of phloem, corresponding to the part of the phloem 
that remained to the outside when the traumatic phellogen was regenerated inside the 
phloem. 
The cork oak periderm has lenticels that are created by the activity of particular regions of the 
phellogen, called lenticular phellogen. The activity of lenticular phellogen is maintained year 
after year and therefore the lenticels prolong radially from the phellogen to the external 
surface of the periderm forming approximate cylinders of complementary tissue, named 
lenticular channels (Pereira 2007). The lenticular channels are loosely filled with a lenticular 
filling tissue of rigid unsuberified cells with thick walls and shows ruptures and intercellular 
voids in a great extent (Pereira 2007). The region bordering the lenticular channels has often 
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higher density than the surrounding material due to the presence of lignified and thick-walled 
cells at their borders. 
The lenticular channels are the most important and characteristic features of cork 
heterogeneity, variable in number and dimension between trees, and are related directly to 
the quality and value of the cork material (cork porosity) (Pereira 2007, Ferreira et al. 2000, 
Lauw et al. submitted).  
2.2. The structure of cork 
The description of the cork structure requires its location in space and in relation to its original 
position in the tree, as represented in Figure 1.  The sections are named as: (a) the transverse 
section is perpendicular to the axial direction (x-y plane); (b) the tangential section is 
perpendicular to a radial direction (x-z plane); and (c) the radial section contains the axial 
direction and is perpendicular to the tangential direction (z-y plane). 
The structure of cork observed by scanning electron microscopy in the three principal sections 
is shown in Figure 2. The three-dimensional structure of cork is compact and may be described 
as an array of prismatic, on average hexagonal cells stacked base-to-base making rows 
oriented in the radial direction of the tree and assembled side by side, forming a honeycomb-
type structure (Figure 3). In adjacent rows, the prism bases of neighbour cells most often lay in 
staggered positions. The cell volume is on average 1.7x10-5 mm3, and the solid cell-wall content 
10%. The cork cell-walls, especially those that constitute the lateral prism faces, show ab initio 
some bending and undulations of varying intensity that can attain strong corrugation derived 
from constraints during cork growth in the tree (Pereira et al. 1987; Fortes and Rosa 1992). 
Table 1 summarise the main structural features of cork. 
Cork also shows a layered structure, corresponding to the biological annual rhythm of 
formation of cork rings (Figure 4): the cells formed in the main growth period (earlycork cells) 
have larger height and thinner walls than those formed at the end of the growth period, which 
are smaller and thicker-walled (latecork cells) (Pereira et al. 1987). 
Cork cell-walls are composed of a suberinic secondary wall and are flexible enough to undulate 
or corrugate with variable intensity under compression without fracture. The smaller and 
thick-walled latercork cells are much more rigid and stronger when compared to earlycork 
cells, and do not show any undulations. When the phellogen starts its meristematic activity at 
the beginning of the growing season, the first cork cells formed are pushed against the existing 
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cork layers and compressed against the previous year’s latecork cells causing the undulation of 
the cell walls (Pereira 2007). 
 
Figure 1. Diagram for the spatial description of cork structure showing the axis system and 





Figure 2. Scanning electron micrographs of sections of reproduction cork:  





Figure 3. Schematic representation of the cellular structure of cork (Oliveira et al. 2014). 
 
 
Table 1. Main characteristics of cork structure (Pereira 2007) 
Material Natural suberized lignocellulosic composite 
Density 120-170 kg m-3 
Mean edges/face n=6 
Mean faces/cell f=14 
Individual cell shape Hexagonal prism 
Symmetry of structure Axisymmetric 
Cell thickness 1-1.5 µm 
Fraction of solid material 10% 
Largest principal cell dimension 40 µm 
Smallest principal cell dimension 20 µm 
Intermediate principal cell dimension 30 µm 
Shape anisotropy ratios R13=1.5-1.7, R12=1-1.1 





As referred previously, the cork tissue is not completely homogeneous and the cellular 
structure contains discontinuities that influence several properties of the material and the in-
use performance of cork products, and are thereby closely associated with the commercial 
value of raw cork and of cork products (Pereira 2007). 
The occurrence of lenticular channels crossing radially the cork tissue is one of the most 
important features of cork heterogeneity: they cross the cork layers from the outside to the 
inner tissue and are loosely filled with a dark brown coloured, unsuberified material, usually 
conspicuous to visual observation (Pereira et al. 1996). 
The lenticular channels appear differently shaped in the three sections of cork: (a) in the 
transverse and radial sections they are thin elongated rectangular channels oriented radially; 
and (b) in the tangential section they present circular to elliptical form. This feature 
contributes to increase cork structural anisotropy (Figure 4). 
 
Figure 4. Lenticular channels crossing the cork layer: (a) in cross-section; and (b) in the 
tangential section of the belly (Pereira 2007).  
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3. PRODUCTION AND QUALITY OF NATURAL CORK STOPPERS 
The industrial production is organized generally in two streamlines: (a) the production of 
stoppers and discs of natural cork and (b) the production of agglomerates of cork particles, 
with or without the addition of binding materials (Pereira 2007). Because the primarily goal is 
the production of stoppers and discs, the planks of reproduction cork are the prime raw 
material for the industrial processing, and their technological quality has a major role in the 
overall economy of the cork sector. 
In the industrial processing for production of natural cork stoppers, two main factors 
determine its economic feasibility: the yield of production, i.e. the efficiency of raw material 
use, and the quality of the obtained stoppers (Costa and Pereira 2010). 
3.1. Industrial production of natural cork stoppers  
After reception at the mill, the raw cork planks are stored at the mill yard until being 
submitted to the preparation process which consists essentially in the boiling in water, the 
trimming and the classification of cork planks.  
The water boiling of all reproduction cork planks is a treatment by immersion in water at 95ºC 
for 1 h in closed stainless steel closed autoclave with a water filtration circuit. The goal is to 
clean the cork plank, to extract water-soluble substances, to increase the thickness and to 
improve cork flexibility and elasticity (Celiège 2013). The combination of heat and water allows 
the relief of growth stresses in the cork cells, with the decrease of cell-wall corrugations and 
the increase of cellular structure uniformity (Pereira 2007). As a result of the cell-wall 
straightening, there is a volume increase of about 20%: approximately 15% in thickness (radial 
expansion) and 6% in tangential and axial directions (Rosa et al. 1990). Cumbre et al. (2000) 
found that the coefficient of porosity decreases with the water boiling operation. Thus we 
could say that water boiling increases the technological quality of cork planks by increasing the 
plank thickness and decreasing the cork porosity. 
After water boiling there is a stabilisation step with cork planks left to air dry until a 
homogeneous moisture content of 8-16%, considered adequate for working (Celiège 2013). 
Subsequently the cork planks are individually observed, trimmed and cut in more 
homogeneous sub-planks for further processing. The cutting of the raw cork planks into cork 
boards produces on average 5% of by-products (Costa and Pereira 2004). 
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The planks aimed for the cork stopper sector are separated according to their thickness and 
quality (visual aspect). The trimming of cork planks also allows the separation of all the cork 
pieces with defects and unsuitable to be used for cork stoppers and discs production. 
Cork planks with stains (yellow and marble stain) that result from microbial attacks are 
discarded for the production of cork stoppers to avoid eventual contamination with off-
flavours and taints (Pereira 2007). Moreover, cork may sporadically include defects of 
biological or external origin that will influence the performance of cork products, namely of 
wine stoppers. If present in a natural cork stopper, some defects will disqualify it from its wine 
sealant functions, e.g. the presence of wetcork spots, insect galleries or microbial stains. 
The selected and prepared cork planks with a thickness greater than 27 mm produce cork 
stoppers following a general flowchart. Figure 5 shows the flowchart from Amorim group. They 
are cut into strips (transversal perpendicular sections) and punched with a machine to extract 
the cylindrical cork stopper without deformation and within the dimensional limits required. 
The dimensions of the stoppers are rectified by mechanical operations of sanding of both tops 
and body (including chamfering). 
The production of natural cork stoppers originates a large amount of by-products for the cork 
agglomerates industry. The production yield of stoppers is directly related to the size and 
shape of the cork board (Costa and Pereira 2004) and represents only 22% to 24% of the initial 
cork with net productions of 98 stoppers/kg and 747 stoppers/m2 (Pereira et al. 1994, Fortes 
et al. 2004, Pereira 2007).  
The finishing operations of the cork stoppers include a washing and bleaching stage to ensure 
the cleaning, dusting and disinfecting of the stoppers, with the subsequent drying by applying 
a thermal treatment. Nowadays the usual cork bleaching is done by hydrogen peroxide or 
peracetic acid, and the treatment should not leave peroxide residue greater than 0.2 




Figure 5. Flowchart from Amorim group of the industrial production of cork stoppers from 
boiled cork planks. 
In the classification step, natural cork stoppers are separated into quality classes in function of 
the apparent homogeneity of their external surface, as seen by human or machine vision 
(Fortes et al. 2004, Pereira 2007). The quality profile of the cork stoppers depends on the 
quality of cork planks (Pereira et al. 1994, Pereira 2007) and is an important factor for the 
economic feasibility of the industrial production since the price value for the different cork 
stoppers grades is very different: the price of a good quality stopper can be five times higher 
than that of a low quality stopper (Costa and Pereira 2010). 
The purpose of the surface treatment of cork stoppers is to coat the stopper with a lubricant 
film in order to reduce friction, thereby allowing an easier insertion and extraction into and out 
of the bottle (Fortes et al. 2004, Pereira 2007). The stoppers with poor aspect are often 
subjected to colmation, which consists in covering the pores with a mixture constituted by an 
adhesive and cork powder, to improve the visual appearance. 
 
20 
3.2. Visual quality of natural cork stoppers 
The stoppers are punched out from the cork strips so that their cylindrical axis is parallel to the 
axial direction of cork. Therefore, the surface of the cork stoppers is not homogeneous relative 
to the section of cork: (a) the circular tops correspond to transverse sections with the 
lenticular channels crossing the surface as thin rectangular channels perpendicular to the 
growth rings; and (b) the lateral surface of the body range from regions corresponding to 
tangential and radial sections of cork. The lenticular channels appear differently shaped in 
these two sections: in the radial section they look like elongated rectangular channels and in 
the tangential section they have an approximately circular to elliptical form (Pereira 2007). 
Nowadays the evaluation of cork quality is made by visual analysis of the outer surface (lateral 
body surface and tops) using automated image-based inspection systems with high throughput 
rates based on line-scan cameras and a computer embedded in an industrial sorting machine 
capable of acquiring and processing in real-time the surface image of the stoppers (Lima and 
Costa 2006).   
The heterogeneity of the cork surface is given primarily by the presence of lenticular channels, 
as well as by woody inclusions, small fractures or other defects, that can be visually and out 
singled from the cork surface and are named as the porosity of cork (Gonzalez‐Adrados and 
Pereira 1996, Pereira et al. 1996).  The systems allow an identification of surface defects and 
quantification of porosity features, e.g. total area, number or concentration of pores (Chang et 
al. 1997, Jordanov and Georgieva 2009, Pereira et al. 1994, Raveda et al. 2002). 
 
 
Figure 6. Cylindrical surface (bodies) of cork stoppers from three quality groups ordered from 




The traditional classification system used to evaluate cork quality is divided into a total of nine 
classes (flor, extra, superior, 1st to 6th), although a three-class system, i.e., premium, good and 
standard, might be better adapted to reality and performance requirements (Figure 6) (Costa 
and Pereira 2005, 2007, Pereira 2007). 
It is known that the underlying criteria for the quality classification of cork stoppers are 
subjective to some extent, with no grading standards defined by the cork industry or the 
consumers and, therefore, tends to vary between experts and even within individual on 
different occasions (Pereira 2007). Quantification of this subjectivity showed that the disparity 
is higher in the mid-quality range (Melo and Pinto 1989) and that the larger the set of classes 
considered, the more difficult and subjective is the classification.  
Several studies have been published with the quantitative description of porosity and their 
contribution for the grading of cork stoppers (Costa and Pereira 2009, 2007, 2006, 2005), as 
well as of cork discs (Lopes and Pereira 2000) and cork planks (Benkirane et al. 2001, Gonzalez‐
Adrados et al. 2000, Gonzalez‐Adrados and Pereira 1996, Pereira et al. 1996). Costa and 
Pereira (2007) published porosity coefficients of 1.6%, 4.6% and 7.4% for superior (extra, 
superior and 1st classes), standard (2nd and 3rd) and inferior (4th and 5th) grades, respectively. 
These authors also reported values of 1.4% for extra, 2.1% and 2.3% for superior and 1st, and 
4.2% and 4.5% for 2nd and 3rd quality classes, respectively (Costa and Pereira 2009). 
Other studies have been published focusing on modelling the classification of cork stoppers 
and discs. Chang et al. (1997) proposed a cork stopper quality classification system based on 
features extraction and a fuzzy neural network, with 6.7% of rejection after re-evaluation of 
the results by human experts. Vega-Rodríguez et al. (2001) presented a system for image 
processing using reconfigurable hardware and an algorithm for the cork stoppers classification 
that uses a simplified set of porosity features (defect area, size of the biggest defect and area 
occupied by defects of different sizes) for the two tops. Vitrià et al. (2007) presented a cork 
stopper classification model based on feature extraction and class-conditional independent 
component analysis, reaching an average error rate of 2%. Paniagua et al. (2011) developed for 
cork discs a neurosystem to model the human cork quality classification. Other techniques 
such as Synchrotron, Compton and Terahertz tomography were recently applied for a non-
destructive evaluation of natural cork in order to refine the visual classification and leading to 
a better understanding of their inner structure but without identification and classification of 




3.3. Quality control parameters of natural cork stoppers 
The properties required for a wine closure are its sealing capability, inertness towards the 
liquid content, durability along storage and possibility of removal with acceptable effort. Cork 
stoppers are controlled using standard protocols, i.e. ISO standards or country specific 
standards in relation to physical and chemical properties that potentially impact on their 
performance as wine closures (Pereira 2007). These standard properties for certification 
include dimensions characteristics, like length, diameter and ovality, moisture, extraction 
force, peroxide and dust content and visual grade (Table 2).  
Because of the subjectivity inherent to quality classification and in order to overcome this 
problem, the visual quality is usually based on reference samples showing the range of quality 
variation that can be found in the consignment for a given client (Lopes and Pereira 2000). 
The specifications and methods used to certify the dimension characteristics, moisture 
content, liquid seal capability, dimensional recovery after compression, extraction force, and 
dust content are defined in ISO 9727:2007. ISO 21128:2006 is applicable to cork stoppers 
washed with peroxide to determine the peroxide remaining in the cork after processing since a 
high level of residual peroxide may impact adversely on the level of sulphur dioxide in the 
wine. 
Portuguese standards include other tests, for instance, NP 2803-6:2015-pt that defines the 
torsion test, NP 2803-7:2013-pt for boiling water resistance determination, or NP 2803-5:1996-
pt where is defined the tests for sealing behavior determination. 
Certification and the reinforcement of quality requirements and control have increased due to 
the necessity of the cork industry to demonstrate that the taints and off-flavours that 
sporadically spoil the wine are not due to cork. One of the important taints in wine is a mouldy 
taste and aroma due to the presence of halonisoles, namely of the 2,4,6-trichloroanisole (TCA). 
The formation of TCA occurs when micro-organisms, such as fungi, come into contact with 
chlorine-based compounds, usually chlorophenols. The TCA in wine may be due to the 
contamination of oak barrels or cork stoppers, winemaking machinery and bottling equipment 
or other sources of contamination in wineries and cellars. 
In cork stoppers, TCA was primarily found on the external surface indicating that most of the 
contamination occurred after the punching of cork planks (Pereira et al. 2000). In order to 
reduce TCA incidence, the cork industry has invested in R&D and adopted measures to prevent 
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cork contamination with chlorinated compounds and to avoid microbial growth on cork as well 
as increased quality management. Hypochlorite bleaching, considered the main source of 
chlorophenols, was eliminated. Nowadays the storage and processing of cork are controlled in 
order to avoid microbial development and contamination (ISO 10718:2015). 
Table 2. Published standards under the direct responsibility of ISO/TC 87 Secretariat related to 
cork stoppers 
ISO standard Description 
ISO 9727-1:2007 Cylindrical cork stoppers -- Physical tests -- Part 1: Determination of 
dimensions 
ISO 9727-2:2007 Cylindrical cork stoppers -- Physical tests -- Part 2: Determination of 
mass and apparent density for agglomerated cork stoppers 




Cylindrical cork stoppers -- Physical tests -- Part 4: Determination of 
dimensional recovery after compression (NP ISO 9727-4:2014-pt) 
ISO 9727-5:2007 Cylindrical cork stoppers -- Physical tests -- Part 5: Determination of 
extraction force 
ISO 9727-6:2007 Cylindrical cork stoppers -- Physical tests -- Part 6: Determination of 
liquid tightness 
ISO 9727-7:2007 Cylindrical cork stoppers -- Physical tests -- Part 7: Determination of dust 
content 
ISO 10106:2003 Cork stoppers -- Determination of global migration 
ISO 10718:2015 Cork stoppers -- Characterization of a low-in-germs stopper, through the 
enumeration of colony-forming units of yeasts, moulds and bacteria, 
capable of both being extracted and growing in alcoholic medium 
ISO 20752:2014 Cork stoppers -- Determination of releasable 2, 4, 6-trichloroanisol (TCA) 
ISO 21128:2006 Cork stoppers -- Determination of oxidizing residues -- Iodometric 
titration method 
ISO 22308:2005 Cork stoppers -- Sensory analysis 
 
 The Amorim group has patented the ROSA® (Rate of Optimal Steam Application) which uses 
controlled steam to eliminate any trace of TCA. The quality control is performed at molecular 
level using high precision gas chromatography/mass spectrometry (GC-MS) machines. GC-MS 
analysis is more objective, precise and reliable than the sensory analysis (ISO 22308:2005). 
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Recently a standard was established with the determination of releasable TCA (ISO 
20752:2014). GC-MS analysis is able to detect releasable TCA levels below 0.5 parts per trillion 
(0.5 ng L-1), which are much lower than the sensory detection levels. A recent study (Lopes et 
al. 2011) indicated that cork stoppers are an effective barrier against the transmission of TCA, 
contrary to what happens with artificial closures, and are able to ensure protection from the 
external environment. 
Very recently, Amorim group have launch NDtech, the state-of-the-art system to strengthen 
quality control measures by screening individual cork stoppers on the production line to 
eliminate the risk of any natural cork stopper contaminated with releasable TCA reaching 
winemakers. 
The cork stoppers quality control can include a capillarity test to determine the efficiency of 
the surface treatment. There should be no surface migration of wine up the cork surface when 
the bottom of the cork is in contact with a liquid, under standard conditions, and held in 
contact with the liquid for 24 h at 20 +/- 2ºC.  
Surface treatments are applied to lubricate the cork stopper contributing to sealing, insertion 
during the bottling and cork extraction. The quantity and composition of the surface treatment 
applied depends on customer requirements. Gonzalez-Adrados et al. (2012) applied Fourier 
transform infrared spectroscopy (ATR-FTIR) to determine the type of surface treatment and 
dose used on cork stoppers, demonstrating the value of this non-destructive technique to 
improve quality control of stoppers.  
The certification system SYSTECODE was established by CELIÈGE (The European Cork 
Federation) and is nowadays the quality assurance system for the cork industry. Since 2011, 
CELIÈGE has implemented a “Premium Systecode” certification for companies that meet more 
requirements, namely in terms of hygiene and food safety, sustainable development and 
environmental impact. According to APCOR, in 2014, 204 Portuguese companies applied for 
the “basic” certification and 38 for the “premium” certification. 
 
3.4. Oxygen permeability of natural cork stoppers 
The contact between wine and oxygen is of critical importance for wine conservation and 
bottle ageing processes during which the wine characteristics evolve towards the appearance 
of the so-called developed characters (Godden et al. 2005). Wine post-bottling development is 
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complex and differs between red and white wines: red wines benefit from a small degree of 
oxygenation as it contributes to colour stabilization, astringency reduction and aroma 
improvement (Lopes et al. 2005, Silva et al. 2011, Gómez-Plaza and Cano-López 2011, Han et 
al. 2015); white wines are less resistant to oxygen, leading to oxidative off-flavours and 
browning that reduce wine quality (Escudero et al. 2002, Karbowiak et al. 2010). However, a 
tight sealing and lack of oxygen can also lead to negative sensory attributes (Karbowiak et al. 
2010). Wine tastings pay a special attention to reduced or oxidized tastes related to oxygen 
ingress into the bottle, even if quantitative information on this matter is rather scarce.  
The closure is the most obvious factor that influences in-bottle wine development. The main 
function of a closure is to ensure an appropriate seal, avoiding liquid leakage and preventing 
organoleptic deterioration during storage. The sealing performance of closures is strictly 
related to their permeability properties that are commonly used for evaluating their barrier 
efficiency (Godden et al. 2005, Karbowiak et al. 2010). Exposure to oxygen of bottled wines is 
usually low, but can be quite variable depending on: (1) the amount of oxygen in the 
headspace at bottling; (2) oxygen ingress into the bottle through the closure; (3) oxygen 
ingress into the bottle through the interface closure/bottle; and (4) from the closure into the 
bottle, as a consequence of compression during bottling (Caillé et al. 2010, Mas et al. 2002, 
Lopes et al. 2005, 2006, Kontoudakis et al. 2008, Silva et al. 2011). 
Several studies have been published about the mechanisms and main routes of oxygen ingress 
through closures. Waters et al. (2001) revealed that the main route for oxygen entering into 
the wine is through the glass/cork interface but data interpretation must be made with great 
caution due to the small sample size. On the other hand, Lopes et al. (2007) found no 
significant differences in the oxygen ingress rates of cork stopped bottles when comparing 
uncovered, interface-covered, and fully covered natural cork stoppers, suggesting that oxygen 
diffuses mainly out of the cork into the wine due to the high pressure in the cork cells. The high 
internal pressure (from 0.6 to 0.9 MPa) created when natural cork stoppers are compressed 
into the bottleneck could force the air out of the cork structure, preferentially during the first 
12 months (Fortes et al. 2004, Lopes et al. 2007). Natural cork stoppers with 24 mm diameter x 
45 mm length have a volume of 20.4 mL, of which 80-85% is air contained in the cell lumen, 
implying the existence of 4.9-5.2 mg of oxygen within the stopper’s structure (Fortes et al. 
2004). 
The kinetics of oxygen ingress through natural cork stoppers present a common behavior along 
time corresponding to a logarithmic behavior with time. There is a quick and high oxygen 
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ingress in the first month after bottling, with an initial high ingress rate, followed by a 
decreasing ingress rate, until stabilizing at a low and rather constant ingress rate from the 3rd 
to the 12th month. Lopes et al. (2005) published values of 35.8-64.6 µg/day in the first month, 
and ranging from 2.43 to 8.73 µg/day from the 2nd to 12th months for bottles stored 
horizontally (Figure 7). Godden et al. (2005) reported a mean oxygen permeation of 25.6 
µg/day, with a range from 0.1 to 175.7 µg/day, tested after approximately 36 months post-
bottling. 
The permeability to oxygen of natural cork stoppers decreases along time, as shown by Lopes 
et al. (2006) during a 36-month wine storage experiment: 1.0 to 1.86 mg O2 in the first month, 
0.04 to 0.24 mg/month between the 2nd and 12th month, and 0.003 to 0.10 mg/month 
between the 12th and the 36th month, totalling 2.43 and 3.29 mg of oxygen for cork stoppers of 
two visual quality grades (flor and first, respectively). In relation to the theoretically estimated 
total oxygen within the stoppers, the average oxygen ingress into the wine bottles in the first 
month of storage represents 27-29% (1.43 mg). Of notice is the fact that no significant 
differences were found in the overall oxygen diffusion of stoppers of different quality (Figure 
7) (Lopes et al. 2005). 
 
Figure 7. Kinetics of oxygen through natural cork closures. Commercial bottles were stored 
horizontally over a period of 365 days. N22, natural cork, first-grade closure, diameter 22 mm; 
N24, natural cork, first-grade closure, diameter=24 mm; N26, natural cork, first-grade closure, 




Understanding how oxygen transport is made through the cork stopper is important to find 
discriminant parameters that help to understand why some cork stoppers are better than 
others independently of their visual quality. 
In a recent study, Faria et al. (2011) investigated the permeability of gases through 
uncompressed cork, suggesting that the gas transport mechanism is due mainly through the 
minute channels present in the cork cells walls, the plasmodesmata that cross the wall and 
have a diameter of about 0.1 µm (Figure 8) (Teixeira and Pereira 2009). Faria et al. (2011) also 
noted that samples from thinner planks on average permeate less than those from thicker 
planks. Brazinha et al. (2013) modelled this gas permeation transport through the 
plasmodemata following a Knudsen mechanism. However, in other studies, Lequin et al. (2012) 
and Lagorce-Tachon et al. (2014) concluded that the transfer of oxygen in raw cork is 
essentially controlled by a mechanism of diffusion through the cork cell walls following a 




Figure 8. Cell wall of virgin cork from Q. suber L. showing a translucent secondary suberized 
cell wall. Plasmodesmata (PD) can be observed crossing both cell walls (arrow) (Teixeira and 
Pereira 2010). 
Recently synthetic closures, technical stoppers and screwcaps with different oxygen barrier 
properties were developed with the goal of allowing winemakers the possibility of developing 
different wine styles and lengths of aging (Vidal and Aagaard 2008, Ugliano et al. 2009). The 






4. X-RAY (MICRO)TOMOGRAPHY AND 3D IMAGING 
X-ray imaging is a transmission-based technique in which X-rays from a source pass through a 
sample and are detected either by film or an ionization chamber on the opposite side of the 
sample. The contrast in the image between the different tissues arises from differential 
attenuation of X-rays in the sample (Webb 2003).  
In planar X-ray radiography, the image produced is a simple two-dimensional projection of the 
tissues lying between the X-ray source and the film. X-ray imaging in its two dimensional form 
is widely used in wood science for microdensitometry studies (Boden et al. 2012, Helama et al. 
2012, Ikonen et al. 2008, Knapic et al. 2014).  
X-ray microtomography has its origins in Computerized Axial Tomography (CT) that have been 
used for medical imaging over 40 years. More recently industrial X-ray tomography scanners 
are used in forestry for determination of wood properties by detecting internal log features 
such as pith, growth rings, heartwood and sapwood, knots and decay (Longuetaud et al. 2012, 
Wei et al. 2011). In a very recent study, Stängle et al. (2015) concluded that sawing 
optimisation of beech logs using a CT scanning system to detect log internal defects, followed 
by sawing simulation, can increase volume and value yield (Figure 9).  
X-ray microtomography is a radiographic imaging technique that can produce 3D images of a 
material’s internal structure at a spatial resolution below 1 micrometer. The sample 
preparation is usually minimal, and for many materials the technique is non-destructive, 
allowing many scans to be made of the same sample under different conditions (Landis and 
Keane 2010).  
X-ray microtomography combine information from a series of 2D X-ray absorption images 
recorded in sequence as the object is rotated about a single axis or holding the object 
stationary while the X-ray source and detector are rotated around the object.  
The reconstruction of the image requires computation of the inverse Radon transform 
(backprojection or filtered backprojection algorithms) of the acquired projection data in order 
to produce a three-dimensional digital image where each voxel (volume element or 3D pixel) 
represents the X-ray absorption at that point. Because different material features and phases 
often have different X-ray absorption properties related to their density, the 3D internal 
structure can be inferred from the images, with identification and positioning of the different 
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internal features. The resulting 3D images are typically displayed as a series of 2D “slices” 
(Landis and Keane 2010). The process is schematically illustrated in Figure 10. 
 
 
Figure 9. Cutting simulation with InnoSIM: 3D saw log model that includes information on log 
shape and its knots (upper left); pseudocolour computed tomography (CT) reconstruction of a 
log and the chosen sawing pattern (upper right); a board that has been graded automatically 
according to its appearance (bottom) (Stängle et al. 2015). 
 
 
Figure 10. Schematic illustration of X-ray CT acquisition and reconstruction processes (Landis 




X-ray microtomography has been used in many different fields from biomedical (Kim et al. 
2014) to geoscience (Cnudde and Boone 2013) up to material science (Česen et al. 2013, 
Dewanckele et al. 2012). 3D X-ray microtomography has seen a widespread use in wood 
science and is employed to study various features: the shrinkage behaviour of cellular 
materials (Taylor et al. 2013), the analysis of coatings (Bessières et al. 2013, Van den Bulcke et 
al. 2010), the compressive behaviour of low-density fibreboard (Tran et al. 2013), wood 
anatomical analysis (Figure 11) (Van den Bulcke et al. 2009), the characterization of paper pore 
structure (Axelsson and Svensson 2010), wood composites (Wieland et al. 2013), and also 
dendrochronological studies (Van den Bulcke et al. 2014). 
 
 
Figure 11. Overview with cut out giving a clear view on the internal anatomy of Pinus silvestris 
L. (a) earlywood and (b) latewood (Van den Bulcke et al. 2009). 
 
As referred previously, techniques such as Synchrotron, Compton and Terahertz tomography 
were recently applied for a non-destructive evaluation of natural cork in order to refine the 
visual classification and leading to a better understanding of their inner structure but without 
identification and classification of defects.   
Brunetti et al. (2002) reported the application of Compton tomography in the study of cork 
stoppers density. Those experiments have shown how the green cork differs from mature cork, 
allowing to easily discriminate a small zone of green cork inside a mature volume. The authors 
meant by green cork, the defect known as wet cork that appears occasionally in small regions 
and is characterized by a high moisture content leading upon drying to collapsed cork regions. 
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Hor et al. (2008) applied terahertz (THz) spectroscopy and imaging to non-destructively 
evaluate natural cork. Mukherjee and Federici (2011) were able to clearly distinguish between 
defective and non-defective corks using the reconstructed images of natural cork by pulsed 
Terahertz tomography. Donepudi et al. (2010) visualized images of cork stoppers with a novel 
imaging technology, called diffraction-enhanced imaging (DEI).  
In a very recent study, Lagorce-Tachon et al. (2015) compares two techniques: digital 
photography and neutron imaging (radiography and tomography) to identify and quantify the 
lenticular channels present in different classes of cork stoppers (Figure 12). 
 
Figure 12. Visualization in 3 dimensions of a natural cork stopper (grade 0) obtained by 








1. RESEARCH OUTLINE 
The research carried out in this work aimed at a valorisation of the natural cork stoppers by 
modelling their oxygen transmission performance using modern techniques for non-
destructive analysis. To achieve this objective several tasks were outlined after sample 
definition.  
Since natural cork stoppers are nowadays classified into quality classes in function of the 
apparent homogeneity of their external surface, the first task characterized the variability and 
quantified the surface porosity of wine cork stoppers from different commercial classes using 
image analysis techniques. The aim was a better understanding and definition of the quality 
grading of natural cork stoppers. Two publications were written with the obtained results:  (a) 
one with the detailed characterization of porosity of stoppers of different quality classes, as 
well as of the stopper itself i.e. of the different cork sections (Publication I); and (b) one with 
the analyses of the contribution of each porosity feature to the quality classification of cork 
stoppers (Publication II). 
Considering that previous studies suggested that oxygen diffuses mainly out of the cork itself 
into the wine and that oxygen permeability is not related with commercial quality classes, the 
acquisition of knowledge on the internal structure of natural cork stoppers seemed to be the 
obvious objective in a second task by application of non-destructive techniques based on X-ray 
tomography.  
In the third task, the natural cork stoppers were used for the closure of bottles and oxygen 
diffusion measurements were made along time. This information gave rise to Publication III 
with information on the kinetics of oxygen ingress into wine bottles and its variability between 
cork stoppers from different commercial quality classes. 
Complementarily to the elucidation of several features of the internal structure of cork 
stoppers using X-ray tomography, microtomography was used to achieve a higher resolution. 
The image resolution allowed the visualization and quantification of cork structural 
discontinuities that are decisive for the commercial value of raw cork and of cork products 
because they can be an easy pathway for air diffusion as well as a preferential impregnation 
route for liquids or microbial penetration. These results are presented in Publication IV where 




The final publication ascertains the impact of some defects (wetcork and insect galleries) that 
are visually observable in the performance of the natural cork stoppers in the bottle as regards 







2. MATERIAL AND METHODS 
2.1. Sampling natural cork stoppers 
The natural cork stoppers used in this work were supplied by Amorim & Irmãos, S.A. (Santa 
Maria de Lamas, Portugal).  
A total of 600 natural cork stoppers with 24 mm diameter and 45 mm length were selected: 
300 stoppers were punched out from corkboards of calliper 27-32 mm and 300 stoppers from 
corkboards of calliper 45-54 mm. The stoppers were randomly taken from the production line 
after grading by the automated vision system, subsequently inspected by skilled operators, 
and final graded into three reference quality classes, coded as premium (including the 
traditional “flor” and extra commercial classes), good (superior and 1st commercial classes) and 
standard (2nd and 3rd commercial classes) (Figure 13). These classes correspond to the 
presently used commercial classification for the quality wine bottling market. From each class 
100 stoppers were taken before washing and surface treatment. The callipers 27-32 mm and 
45-54 mm were selected because are the extremes of the callipers used for cork stoppers 
production. 
 
Figure 13. Images from cork stoppers belonging to the reference quality classes ordered from 
best to worst quality (from left to right): premium, good and standard. 
 
Moreover, a total of 150 natural cork stoppers with 24 mm diameter and 45 mm length with 
defects were selected: 50 stoppers with the presence of ant (Crematogaster scutellaris) 
galleries, 50 stoppers with Coroebus undatus larvae galleries and 50 stoppers with wetcork 




Figure 14. Image of the lateral body surface of cork stoppers showing defects in the cork 
structure: a) empty ant gallery; b) Coroebus undatus F. larvae gallery; and c) wetcork. 
 
The physical parameters were collected for all the cork stoppers using the MedCork 
equipment, a totally automatic, intelligent and integrated system created to measure length, 
diameter, weight and moisture of cork stoppers, following rigorous metrological techniques 
and the present standards. 
 
2.2. Surface image analysis of natural cork stoppers  
The totality of the natural cork stoppers (600+150 samples) were individually analysed and 
their image surface (cylindrical lateral surface and circular bases) acquired with an image 
analysis system. The system included a digital 7 mega pixels in macro stand solution set on an 
acquisition Kaiser RS1 Board with a controlled illumination apparatus, connected to a 
computer using AnalySIS® image processing software (Analysis Soft Imaging System GmbH 
Münster, Germany, version 3.1) (Figure 15). 
The image acquisition covered 100% of the lateral area by using eight successive frames of the 
cylindrical lateral surface of the body, named A to H. The first frame (A) was acquired parallel 
to cork growth rings and the others subsequently taken by rotating the stopper by 45o. Two 
circular frames were acquired for the two tops corresponding to 96% of the total area. Due to 
the way stoppers are punched out from the cork strip, the tops correspond to transversal 
sections of cork while the lateral surface of the stopper includes tangential and radial sections 




Figure 15. Image analysis system used for the surface observation of cork stoppers. 
 
 
Figure 16. Image analysis frames (eight frames in the lateral surface and two tops) and the 
corresponding cork sections. 
 
The object extraction was carried out inside two predefined regions of interest, one 
rectangular, 45.05 mm long and 9.41 mm wide (area 423.92 mm2), for the lateral surface, and 
another circular for the tops with 23.51 mm diameter (area 433.92 mm2). The image threshold 
was adjusted individually for each image. A set of variables was collected automatically for 
each pore as resumed in Table 3, grouped in three types: dimension, shape and colour. 
These data were filtered and only pores with area equal or superior to 0.1 mm2 were 
considered for the analysis. The pixel size was 0.05 mm and therefore the lowest pore area 
that could be confidently resolved was 0.02 mm2 corresponding to eight contiguous pixels.  
The variables collected for each pore were processed and used to calculate several variables 
for each frame:  
 porosity coefficient (%), defined as the proportion of the area occupied by pores;  
 total number of pores and number of pores by dimension classes;  
 total area of pores (mm2), sum of the area of all pores in the frame;  
 
38 
 average pore area (mm2), calculated as the arithmetic mean of the area of all pores in 
the frame;  
 maximum pore area (mm2), defined as the area of the biggest pore in the frame;  
 mean diameter, calculated as the mean diameter average of all pores; 
 maximum diameter, defined as the biggest of all pores maximum diameter;  
 mean rectangle, calculated as the arithmetic mean of the mean rectangle of all pores 
in the frame;  
 maximum rectangle, defined as biggest of all pores maximum rectangle. 
 
Table 3. List and description of the variables collected through the image analysis system that 
was applied for the observation of cork stoppers.  
 
Class Variables Description 
Dimension area  calculated by the number of pixels of the particle times 
the calibration factors (mm2) 
 mean diameter  the arithmetic mean of all diameters of a particle (range 
angles between 0o and 179o, with step width of 1o) 
(mm) 
 maximum diameter  maximum diameter of all maximum diameters 
determined at each angle (varies in 1o steps) (mm) 
 mean rectangle  defined as the area of the mean rectangle which sides 
consist of tangents to the particle borders (mm2) 
 maximum rectangle  area of the biggest rectangle which sides consist of 
tangents to the particle borders (mm2) 
Shape shape factor (area/perimeter2)*4π, measuring the roundness of the 
pores 
 sphericity describes the elongation of the pore by using central 
moments (value of 1 for a perfect circular particle) 
 convexity the fraction of the pore area and the area of its convex 
hull (ranging between 0 and 1) 
 aspect ratio the maximum ratio between width and length of a 
bounding rectangle of the pore 






The shape-variables (shape factor, sphericity, aspect ratio and convexity) and the colour-
variables (red, green and blue) from pores were averaged into frame variables.  
Moreover, these variables were averaged and transformed into cork stopper variables: 
transverse (two tops), tangential (frames A and E) and radial (frames C and G) sections and 
cork stopper body variables (considering the eight frames of the stoppers lateral surface). 
Several graphical and descriptive statistical analyses were carried out for the characterization 
of the three reference quality classes, the variation between tops and the body lateral surface 
and the establishment of the variation within the body lateral surface due to the presence of 
two different cork sections. 
In order to differentiate between quality classes and to predict the class of a future 
observation, several predictive classification models of stoppers were built based on their 
surface characteristics using stepwise discriminant analysis (SDA). For the models construction, 
the sample was randomly divided into two groups: 70% of the cork stoppers were used to 
estimate the discriminant functions and produced the classification models (modeling set), and 
30% of the stoppers were used for external validation of the models (validation set). All the 
statistical analysis was performed using SPSS® statistical software (version 19.0; SPSS Inc., 
Chicago IL). 
2.3. Oxygen ingress measurements 
The kinetics of oxygen ingress into bottles closed with natural cork stoppers was investigated 
by a non-destructive colorimetric method using the oxidation of an indigo carmine solution. 
The procedure for reduction and oxidation of indigo carmine solution in the calibration bottle, 
here transcribed, was originally described and developed by Lopes et al. (2005).  
2.3.1 Calibration procedure 
The oxidation solution was prepared by dissolving 250 mg of indigo carmine (oxidized 
compound) and 5 g of sodium benzoate (antimicrobial properties) in 1 L of purified water. The 
obtained solution exhibited an indigo blue colour. 
A calibration bottle without bottleneck was used for the calibration procedure. This bottle had 
exactly the same dimensions, volume capacity and glass thickness than the “Extra-white” 
(colorless) “bordelaise” classic bottles (375 mL) with no bore neck containing two openings in 
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the body of the bottle, which were closed by closures with silicone rings of 5 mm of thickness 
(Figure 17).  
 
Figure 17. Diagram of the calibration procedure: reduction of indigo carmine in the bottle (A) 
and bottle-controlled oxidation of reduced indigo carmine by injection of microquantities 
atmospheric oxygen (B) (Lopes et al. 2005). 
 
Figure 17A shows the several steps in the reduction procedure of indigo carmine in the 
calibration bottle. The calibration bottle was filled with 350 mL of indigo carmine solution, and 
both openings were sealed. The bottle was flushed for 15 min with nitrogen gas at a pressure 
of 0.2 bar to remove all of the oxygen present. A syringe was filled with aqueous sodium 
dithionite solution (2.25 g/L) and injected into the lower silicone bottle ring. The procedure 
described by Lopes et al. (2005) was adapted by adding sodium dithionite in a controlled 
excess pre-determined to correspond to the necessary amount to consume the oxygen that 
enters into the bottle due to the bottling operation (1.4 to 1.9 mg).  The solution’s colour 
changed from indigo blue to yellow. 
After the indigo carmine reduction, the colour of the bottle was evaluated by tristimulus 
measurements (L*, a*, b*, CIELAB76). These measurements were carried out in the upright 
position at 5 cm from the base of the bottle. Four body measurements were collected by 
rotating the bottle 90° on its vertical axis. All measurements were made in the dark at room 
temperature (18 ± 4°C). The average of the four collected values was used. 
For calibration, controlled amounts of oxygen were injected along 28 different times into the 
reduced indigo carmine bottled solution (Figure 17B). After each oxygen injection, the bottle 
was shaken vigorously by hand to homogenize the indigo carmine solution. Until 1.9 mg of 
oxygen the colour solution did not change since the oxygen was being consumed by the excess 
of dithionite. Once the excess of sodium dithionite was consumed, the reduced indigo carmine 
starts to consume the oxygen resulting in a colour change to the original indigo blue colour of 
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the carmine. Colour changes were measured with a colorimeter apparatus as described 
previously. During this period the bottle was stored in a nitrogen atmosphere. Each point of 
the calibration curve was obtained by calculating the mean of five replicates. The calibration 
curve is valid up to a maximal limit of oxygen quantification of 5.7 mg, which is the amount 
necessary to fully oxidize the excess of sodium dithionite and to reduce the indigo carmine 
(Figure 18).  
 
Figure 18. Relationship between L* colorimetric parameter and the quantities of atmospheric 
oxygen injected. 
 
2.3.2. Bottling procedure and storage 
For the bottling trials, 750 sterilized “Extra-white” (colorless) “bordelaise” classic bottles (375 
mL) for cylindrical closures were used. This bottle size was selected in order to reduce 
experimental costs. However, the bottleneck dimensions complied with the CETIE 
specifications: a diameter of 18-19 mm at a depth of 3 mm and a diameter of 19-21 mm at a 
depth of 45 mm from the bottle entrance. All bottles were supplied by Saint-Gobain Glass 
Packaging (Cognac, France). 
These bottles were filled with indigo carmine solution that was reduced with 20 mL sodium 
dithionite solution (2.9 g/L). Bottles were then sealed with the natural cork stoppers using a 
single headed corker Bertolazo Epsilon R/S. All closures were compressed to a diameter of 16 
mm before insertion under vacuum into bottles (Figure 19). The internal pressure 2 h after 
bottling was 0 bar. These measurements were carried out in 30 bottles specially prepared to 
this purpose using a pressure gauge. The final filling level for each bottle was 65 ± 3 mm from 




All bottles were left upright for 24 h after bottling and then stored horizontally over 12 
months. All bottles were stored under room conditions where temperature varied from a 
maximum of 27.8oC and minimum of 13.6oC. 
 
Figure 19. Diagram of the reduction of indigo carmine in commercial bottles and the sealing 
procedure of the natural cork stoppers (Lopes et al. 2005). 
 
The CIELAB measurements of the parameters L*, a*, b* were performed by directly scanning 
the bottled solutions with a Minolta series CM-508i spectrocolorimeter equipped with a 
transmittance accessory CM-A76 (Osaka, Japan). These measurements were obtained using 
illuminant D65 and a 10° observer according to the CIELAB76 (McLaren 1980). 
A clean Pyrex bottle filled with water was used to carry out autozero calibration (blank). All 
bottles were cleaned with ethanol and dried before CIELAB measurements. These 
measurements were carried out in the upright position at 5 cm from the base of the bottle. 
Four body measurements were collected by rotating each bottle 90° on its vertical axis. All 
positions were marked on the bottleneck to allow consistent measurement over time. All 
measurements were made in the dark at room temperature (18 ± 4°C).  
The calculation of the oxygen ingress into the bottle after closure with the cork stopper was 
made by deducting the oxygen that was already present in the bottle headspace to the values 
obtained by the colorimetric measurement. This means that the value of 1.50 mg of oxygen 
(present in the bottle headspace due to the bottling process) was withdrawn from all 
measurements, corresponding to the assumption of the quick and total consumption of this 
oxygen by the indigo carmine (the bottles were shaken immediately after bottling and before 
each colour measurement). Therefore the oxygen ingress was set at zero at time 0. The limit of 
oxygen measurement by the method was reached at 4.2 mg of oxygen. This value corresponds 
to the amount of oxygen that can be consumed after the oxygen is introduced due to bottling. 
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Oxygen ingress rates were calculated on a day basis (µg/day) and on a month basis 
(mg/month).  
For data analysis, the 600 natural cork stoppers from the three reference quality classes were 
clustered into five oxygen ingress classes in function of the total oxygen measured at 12 
months. The clustering was done by ensuring that the distribution of the number of stoppers 
was approximately the same in the different oxygen ingress classes. To ascertain if corkboard 
calliper and stoppers quality classes are significant factors influencing oxygen ingress into 
bottle was applied a two-way analysis of variance.  
For the 150 cork stoppers with different type of defects was applied a one-way analysis of 
variance to find differences between types of defect. All the statistical analysis was performed 
using SPSS® statistical software (version 19.0; SPSS Inc., Chicago IL). 
2.4. X-ray tomography methodology 
The totality of the cork stoppers were scanned using a medical X-ray CT scanner Philips 
Tomoscan AV, with an X-ray source of 130 kV high voltage generators and a current of 140 mA. 
The greyscale images (512x512 pixels) are composed of a set of consecutive 2D slices, spaced 
by 2 mm, and the grey levels correspond to density computed in Hounsfield units (HU). On this 
scale, typical densities are 0 HU for water and -1000 HU for air. The spatial resolution of 2 
mm/voxel allows the visualization of structures larger than 4 mm2 when seen in 2D or 8 mm3 in 
3D.  
In the resulting grey images the voids will appear as dark regions while the high density areas 
will appear as brighter regions. Segmentation was performed by means of an automated 
thresholding base on the modified isodata algorithm implemented in Fiji image processing 
package (Schindelin et al. 2012). The resulting binary images were used for 3D reconstruction, 
performed using the 3D viewer plugin for ImageJ (Schmid et al. 2010). 
The results allowed an understanding of the inner structure of the cork stoppers but, due to 
the low resolution of the images obtained with the medical CT, porosity quantification by 
determination of volume was not possible. This quantification was possible for a selected 
sample of 10 cork stoppers that were scanned using a high resolution prototype X-ray 
equipment built at the Centre for X-ray Computed Tomography (UGCT, Ghent University, 
Belgium; www.ugct.ugent.be). The scanner used at Woodlab-UGent (Nanowood) is specifically 
designed to obtain very high resolution scans as well as scans of larger objects. It has a generic 
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in-house developed CT scanner control software platform (Dierick et al. 2010) that allows full 
control of the scanner hardware. A detailed description and performance assessment of 
nanowood can be found in Dierick et al. (2014).  
For all the stoppers of the selected sample, a total of 900 projections were acquired over an 
angle of 360o. The reconstructions were done using Octopus 8.6, a server/client tomography 
reconstruction package for parallel and cone beam geometry (Vlassenbroeck et al. 2007),  
resulting in a voxel size of 50 µm for a scan covering the entire stopper.  
The reconstructed images were further manipulated with the Fiji image processing package 
(Schindelin et al. 2012) and Morpho+ (Vlassenbroeck et al. 2007, Brabant et al. 2011), aiming 
at noise removal, image enhancement and features extraction. 
Morpho+ was used to apply a bilateral filter (non-linear, edge-preserving and noise-reducing 
smoothing filter) and to perform histogram equalization to improve the contrast. 
For features extraction with Fiji, a circular region of interest was manually selected within each 
stack to represent the transverse cork stoppers section. Segmentation was performed using 
automated thresholding based on the isodata algorithm (Ridler and Calvard 1978). A single 
threshold level was selected for pores and one for high density regions through the entire 
volume. When studying the void fraction, every data point was assigned to either background 
(solid material) or foreground (voids) and the closing mathematical morphology operator was 
applied to the binary images to fill misclassified pixels inside the pores as well as to maintain 
pore connections.  
The void volume was calculated using the “3D Object Counter” plugin (Bolte and Cordelières 
2006). The 3D void fraction coefficient was calculated by dividing the total volume of voids by 
the volume of interest. The same analysis was done for the 3D characterization of high density 
regions (HDR). The results from the analysis of the X-ray volumes were compared with data 
from previous measurements of surface image analysis, density and oxygen ingress using 
Pearson's correlation analysis. 
Using the reconstructed images and Fiji image processing package it was possible to create 
movies that show the inside of the cork stopper by travelling through a series of 2D “slices”. 
These movies show the orthogonal planes and the lenticular channel development in the 
corresponding cork section. Movies were also created that show the 3D distribution of voids 
and high density regions.  
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In this work we analysed the cork structural characteristics and their influence on the oxygen 
ingress through wine stoppers aiming to contribute to an increased added-value of the natural 
cork stoppers. 
Cork is the closure material preferred by wine consumers. It is an outstanding material when 
in-bottle wine aging is wanted, by combining the required minute oxygen transfer with 
mechanical sealing of the bottle, durability and chemical stability (Lopes et al. 2005, Pereira 
2007, 2015). However, the natural variability of cork brings some performance heterogeneity 
that producers and consumers would like to circumvent. Among the performance properties, 
the oxygen transmission rate (OTR) into the closed bottle is one important parameter for the 
wine cellars given its relation to the quality development of the wines (Caillé et al. 2010, Mas 
et al. 2002, Lopes et al. 2005, 2006, Kontoudakis et al. 2008, Silva et al. 2011). Therefore the 
OTR properties of cork stoppers will define its ability as quality sealant, also in comparison with 
other types of wine closures (Escudero et al. 2002, Lopes et al. 2006, Karbowiak et al. 2010). 
The path of oxygen ingress in the bottle was experimentally studied and it was shown that the 
oxygen coming into the bottle and the wine during the storage period comes from the cork 
stopper itself, namely from its cellular structure (Lopes et al. 2007). In fact the cells of cork 
contain air-filled lumens while lenticular channels or other tissue voids may provide additional 
air-filled pockets (Pereira et al. 1987). The cork itself has very low permeability to oxygen (Faria 
et al. 2011, Lequin et al. 2012) and correspondingly the cork stoppers are essentially 
impermeable to atmospheric oxygen (Lopes et al. 2007). 
Nowadays, the natural cork stoppers are graded into commercial quality classes in function of 
the visual homogeneity of their external surface mostly regarding the extent of the lenticular 
porosity or the presence of defects, as seen by human or machine vision (Costa and Pereira 
2005, 2007, Pereira 2007). However, the stoppers within each quality class present a 
considerable heterogeneity in oxygen transmission rate (Lopes et al. 2006).  
These results seem to indicate that the explanation for the heterogeneity of the natural cork 
stoppers within each quality class should lie in the specific features of their internal structure. 
It was in this context that the research project INCORK (FCOMP-01-0124-FEDER-005421), 
framework for this study, was developed with the participation of Amorim & Irmãos, Centro de 
Estudos Florestais, and New Jersey Institute of Technology. The study encompassed a detailed 
characterization of the natural cork stoppers using non-destructive methods including a 
surface analysis using image analysis and the use of X-ray tomography for material internal 
characterization, before the determination of the oxygen transmission rate after bottling.  
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The commercial quality classes of cork stoppers can be differentiated in general by the mean 
values of the main porosity features of their surface, namely dimension and concentration 
variables, considering either the lateral surface or tops. These features showed an increasing 
trend from the premium to standard quality class (Table 1, pages 49 and 60). On the contrary, 
shape variables (shape factor, sphericity, convexity, aspect ratio) present identical values 
between quality classes (Table 1, pages 49 and 60), as previously reported by Gonzalez-
Adrados and Pereira (1996) and Costa and Pereira (2009), and the colour-type variables 
showed differences between classes although without a trend with an average RGB of pores of 
74.4, 61.5 and 65.8 for good, and 61.5, 46.0 and 51.3 for standard stoppers (Table 1, page 49). 
The porosity features shown by the external surface of cork stoppers differentiate the three 
main commercial classes used nowadays (Table 1, page 49). The premium class is 
characterized by an average porosity coefficient of 2.4% and 2.1% in their body and tops, 
respectively, with pores smaller than 5.7 mm2 and with approximate 69% of the porosity 
resulting from pores smaller than 2 mm2. The good quality class will have, on average, a 
porosity coefficient of 4.0% and 3.1% in the lateral surface and tops, respectively, with pores 
up to 10.6 mm2 and 9.0 mm2. Stoppers belonging to the standard class will have a porosity 
coefficient of 5.5% and 3.7% in the lateral surface and tops, respectively, with pores smaller 
than 16.1 mm2 and nearly 40% of the porosity resulting from pores smaller than 2 mm2. The 
large sampling that was used in the present study (600 cork stoppers) allows a strong 
confidence in the results, well above the results obtained previously with much smaller 
sampling (Costa and Pereira 2005, 2006, 2007, 2009).   
The image analysis of cork stoppers also distinguishes defects in the cork structure that are 
important for their performance: empty ant gallery; Coroebus undatus F. larvae gallery; and 
wetcork. The cork with insect defects will be differentiated mostly by the features of the larger 
pore structures: each stopper with insect galleries contained, in average, 2 to 3 pores with 
dimension superior to 10 mm2 corresponding probably to the insect galleries and showing an 
elongated form e.g. pores larger than 20 mm2 presented average elongation of 4.2 and 8.8 for 
ant and C. larvae galleries, respectively (Table 2, page 84). On the contrary, the pores in 
wetcork retain their shape features regardless of dimension. Similar shape features were 
already reported and used to differentiate such defects by image analysis (Gonzalez-Adrados 
and Pereira, 1996; Gonzalez-Adrados et al., 2000).  
The detailed study of the surface porosity of the stoppers gave also insight in aspects related 
to cork formation. The comparison of porosity between the two tops confirmed the existence 
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of axial variation in the tree e.g. one top may have significantly lower porosity than the other 
top. This can be used in practical terms in the production of cork stoppers that have one of the 
tops covered with a covering cap, such as those designed for bottling fortified wines and 
spirits, i.e., by selecting the top with the lowest porosity as the apparent top. On other hand, 
the surface of the cork stoppers is not homogeneous when comparing the transverse, 
tangential and radial sections around the lateral cylindrical body (Figures 6 to 9, pages 52 and 
53). The anisotropy of porosity features shown by cork stoppers is a consequence of the 
biological development of cork and of their production method. The lenticular channels appear 
with a different aspect in the three sections: in the radial and transverse sections they look like 
elongated rectangular channels and in the tangential section they have a circular to elliptical 
form.  
The results obtained in this work can be used to set better and quantified requirements for the 
quality classification of the stoppers. It is empirically known that the quality classification of 
stoppers is subjective to some extent and therefore varies between individual experts, as 
demonstrated by Barros and Pereira (1987) who reported classification match values of 31% 
for two operators and higher classification difficulty in the mid-quality classes. For that reason 
and using the results from cork stoppers surface characterization, several predictive 
classification models of stoppers into quality classes were built based on the presented surface 
characteristics using stepwise discriminant analysis (SDA) in order to select a specific set of 
variables (Table 2, page 61). The evaluation of those models suggests that: i) the observation 
of cork stoppers tops is irrelevant for the classification of cork stoppers in quality classes; ii) 
overall the porosity coefficient is the most important variable with discriminant power for 
separation of cork stoppers quality classes; iii) it seems that colour has an important 
discriminating power conferring a better accuracy to the models. A simplified model using the 
main discriminant features i.e. porosity coefficient and the RGB colour-type variables 
calculated for the body lateral surface can minimize the processing of data while keeping the 
model accuracy. The inclusion of colour-variables improves the classification and probably 
approximates more the model to the presently used classification related to visual appearance 
of cork stopper as perceived by the operator, thereby approximating the results from manual 
and automated grading. 
X-ray tomography was used as a non-destructive technique to acquire knowledge on the 
internal structure of natural cork stoppers since previous studies suggested that oxygen 
diffuses mainly out of the cork itself into the wine and that oxygen permeability is not related 
with commercial quality classes (Lopes et al. 2007).The totality of the cork stoppers were 
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scanned using a medical X-ray CT scanner with a spatial resolution of 2 mm/voxel that allows 
the visualization of structures larger than 4 mm2 when seen in 2D or 8 mm3 in 3D. The results 
allowed an understanding of the inner structure of the cork stoppers (Figure 2, page 84) but, 
due to the low resolution of the images obtained, porosity quantification by determination of 
volume was not possible. However, the visualization and identification of some defects within 
the cork stopper was possible due to the non-destructive nature of the X-ray tomography 
analysis and the relationship between X-ray absorption and material density. For instance the 
ant galleries are typically empty and run through the cork plank in random directions, they can 
appear at the cork stopper surface as small holes that may go unnoticed even to expert’s 
operators and can constitute a free path through the stopper leading to wine leakage (Figure 
2, page 84). On other hand, C. larvae galleries are filled with residual material that has a 
density well above that from the surrounding cork tissue; the galleries are embedded in the 
cork tissue with a spatial development in vertical and tangential directions in the growth rings 
(Figure 2, page 84). With X-ray tomography, and contrary to what happens with surface image 
analysis, the wetcork regions are clearly visible and distinguished as brighter areas due to the 
higher density resulting from cells shrinkage and collapse during the drying process (Figure 2, 
page 84). 
Following the X-ray scanning, the natural cork stoppers were used for the closure of bottles 
and oxygen diffusion measurements were made along time. The kinetics of oxygen transfer 
was similar i.e. including stoppers of the three quality classes and with defects, and could be 
adjusted to logarithmic models (Figure 1, page 68). There is quick and high oxygen ingress in 
the first days after bottling, with an initial high ingress rate, followed by a decreasing ingress 
rates until the 1st month and further on, until stabilizing a low and rather constant ingress rate 
from the 3rd to the 12th month and thereafter. In fact, it was observed that on average 35% of 
the overall ingress of oxygen occurred in the first 5 days, 59% in the 1st month and 78% in the 
first 3 months (Table 2, page 69). However, a considerable variability was found: the oxygen 
ingress at 12 months ranged between 0.3 mg and 4.8 mg and 21% of the stoppers reached 4.2 
mg (the limit of oxygen quantification allowed by the method used) along the experiment. No 
influence of the quality class of the stoppers was found in the oxygen transfer to the bottle 
(Table 1, page 69), as a previous study of Lopes et al. (2005) already reported. 
In order to understand and explain this variability, we should analyse the cork cell structure 
and the amount of oxygen contained therein. As primarily suggested by Ribéreau-Gayon 
(1933), oxygen ingress into bottles occurs mainly out of the cork structure due to the high 
internal pressure in the cork cells created when the cork stoppers are compressed into the 
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bottleneck. Natural cork stoppers with 24 mm diameter and 45 mm length have a volume of 
20.4 mL of which 80-85% is air contained in the cell lumen, implying the existence of 4.9-5.2 
mg of oxygen within their structure (Fortes et al. 2004). Our results show that, in average, 1.88 
mg and 2.35 mg of oxygen diffuse from the natural cork stoppers that were bored out of cork 
planks with 27-32 mm and 45-54 mm callipers, respectively, representing 36-38% and 47-50% 
of the theoretically total oxygen present in the cell structure.  
Moreover, the results from stoppers with defects (Figure 4, page 85) show that the oxygen 
ingress from stoppers with insect galleries is higher (66.5 and 63.1 µg/day in the first month) 
than the average found for stoppers without defects (42.0 µg/day), while the contrary applies 
for wetcork (39.9 µg/day). The limit of oxygen quantification was reached before the end of 
the experiment for 27% of stoppers with ant galleries, 23% with C. larvae galleries and 13% 
with wetcork spots. 
These results corroborate the assumption that the high oxygen ingress rate observed during 
the first month after bottling is due to the air forced out of the cork structure when stoppers 
are compressed into the bottleneck and suggest that the variation of oxygen ingress is mainly a 
consequence of the natural differing features in the cell dimensions and air volume within the 
stopper’s structure.  
Considering that a correlation between surface porosity features and oxygen transmission rate 
was not found, and that oxygen results emphasized the need of quantification for the internal 
porosity features, led us to the search for the acquisition of X-ray images with higher 
resolution. With financial support of the Trees4Future project, the porosity quantification was 
possible for a selected sample of 10 cork stoppers scanned using a high resolution prototype X-
ray equipment built at the Centre for X-ray Computed Tomography (UGCT, Ghent University, 
Belgium; www.ugct.ugent.be). The stoppers were selected to cover a wide range of properties: 
the lateral surface porosity coefficient ranged from 1.1% to 8.6%, the top surface porosity 
coefficient ranged from 0.7% to 4.7%, density ranged from 152.0 kg m-3 to 262.7 kg m-3, and 
the total amount of oxygen ingress after 30 days ranged from 1.4 mg to 4.0 mg (Table 1, page 
75).  
The image resolution achieved with this equipment (voxel size of 50 µm) allowed the 
observation of lenticular channels development and geometry (Figure 1, page 74). The 
channels are loosely filled with a tissue of rigid unsuberified cells with thick walls, showing 
ruptures and intercellular voids in a great extent (Pereira 2007). The region bordering the 
lenticular channels showed higher density than the surrounding material due to the presence 
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of lignified and thick-walled cells at their borders (Figure 1, page 74). With this resolution it 
was possible to quantify the extracellular void and high density regions (HDR) fractions. The 
void fraction ranged from 0.7% to 2.3% while the maximum single void volume ranged from 
7.9 mm3 to 104.9 mm3. The total HDR volume ranged from 231 mm3 to 2747 mm3, 
corresponding to a HDR fraction of 1.3% and 19.2% respectively (Table 2, page 76).  
Considering the hypothesis that the initial high ingress rate of oxygen into the bottle should be 
related to the cork structural discontinuities, i.e. more specifically to the void fraction and the 
air located there, a first approach was made to relate the total extracellular void volume of the 
cork stoppers with the oxygen ingress rate at 30 days after bottling. The linear relation 
calculated had a coefficient of determination (R2) of 0.41. It was then considered that probably 
only the air present in the lower part of the cork stopper could ingress into the bottle during 
this period and the void volume was calculated by taking only the innermost 1/3 of the 
stopper, i.e. the part in contact to the bottled liquid. The linear regression established between 
these data had a coefficient of determination (R2) of 0.83 and adjusted R2 of 0.81. These results 
suggest that the high oxygen ingress rates immediately after bottling are due to the transfer of 
the air trapped in the voids in the bottom part of the cork stopper. After this first period, gas 
transport through the cork cells occurs with very low diffusion rates through small channels 
(i.e. through the plasmodesmata) present in the cork cells walls (Faria et al. 2011).  
Despite the positive relationship found between the porosity coefficient calculated by surface 
image analysis and the microtomography (Figure 3a, page 76), the surface image analysis 
seems to be a poor predictor of the cork stoppers internal void fraction. In the same way, even 
if, in a first approach, it is conceivable that numerous voids could reduce the density of cork, 
making therefore density a good predictor of the void fraction, this was not the case, and a 
relation between density and the void fraction was not found. This means that porosity in cork 
is not equivalent to voids namely because the lenticular channels are filled with non-suberous 
material and often bordered by thick walled lignified cells.  
The evidence that the void fraction of lenticular channels in the innermost part of the cork 
stopper inserted in the bottle was strongly related to the oxygen ingress in the first month 
after bottling can be used for quality enhancement of natural cork stoppers with incorporation 
of performance requirements.  
In view of the results and of the availability of rapid microtomography scanning set-ups, this 
kind of approach to improve the quality control of natural cork stoppers seems to be feasible. 
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The research carried out in this PhD work allowed gathering knowledge on the oxygen transfer 
performance of natural cork stoppers and on its relation with porosity and structural features. 
This was possible with a detailed characterization of the surface porosity and the 
determination of oxygen transmission rate after bottling in a large sample of natural cork 
stoppers. Using tomography, it was possible to elucidate the internal porosity spatial 
distribution and to identify critical parameters of the internal structure of natural cork 
stoppers that could be responsible the heterogeneity found across the visual quality classes of 
the oxygen transmission rate. 
Consequently, the results achieved contribute to a valorisation enhancement of the natural 
cork stoppers and the knowledge can be used for accomplishing higher levels of quality and 
consistency in performance. 
Considering the specific objectives of the work, the conclusions can be summarized as follows: 
1. X-ray microtomography can be successfully applied for visualization and quantification 
of cork structural discontinuities, which are decisive for the commercial value of raw 
cork and of cork products. The image resolution achieved (voxel size of 50 µm) allowed 
the observation of lenticular channels development and geometry and it was possible 
to quantify the void and high density regions (HDR) fractions within each cork stopper. 
2. The variation of oxygen transmission rate is a consequence of the natural differing 
features in the cell dimensions and air volume within the stopper’s structure, namely 
the void fraction (lenticular channels and possible defects) in the innermost part of the 
cork stopper.  
3. The oxygen transmission rate of natural corks stoppers is independent of the 
parameters presently used for quality evaluation such as visual quality grades or 
density. Moreover, such parameters cannot be used to infer about internal structural 




Despite the need for further studies, the results suggest that microtomography scanning 
can be used for the development of a new integrated system for non-destructive 
evaluation and quality control of natural cork stoppers. It is expected that such integrated 
system should include the visual quality of the cork surface as well as the performance 
requirements regarding oxygen transmission quality classes. Considering that nowadays 
there are very fast CT scanning set-ups, this non-destructive technique may be used for in-
line cork stoppers quality control. 
 
The results found in the studies contained in this thesis and the conclusions presented here 
suggest that further research is needed: 
 Further microtomography scanning of a larger sample of natural cork stoppers is 
required to corroborate the evidence that the void fraction in the innermost part of 
the cork stopper is related to the oxygen ingress in the first month after bottling. The 
microtomography scanning should be applied in cork stoppers prior to the insertion 
into the bottleneck and the measures of oxygen transmission rate. 
 Microporosimetry analysis could be used for determination of accessible porosity and 
pore size distribution, corroborating and complementing the results from 
microtomography. This technique could reveal features with dimension smaller than 
the microtomography resolution limit and explain some of the variability found in 
oxygen transmission rate.  
 In a future work it is important to have a characterization of cork permeability in 
relation to compression, and both related to the cellular features. The effect of 
compression in the internal structure of lenticular channels and other features is also 
an important aspect.  
 A further aspect that was not approached here but that could have importance in the 
performance of the cork stoppers regarding oxygen transfer and compression 
behaviour is the chemical composition of cork itself e.g. regarding extractives, suberin 
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